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FOREWORD

The work summarized in this report was conducted under Con-
tract DAHC04-69-C-0095 during the period 1 July 1969 to 28
February 1970. The project was under the direction of the
Chairman of the Armed Services Explosive Safety Board, Col.
B. B. Abrams. Technical guidance was provided by Mr. Russel
G. Perkins, Contract Monitor, and Mr. Robert C. Herman,
Alternate Technical Monitor.

The study was conducted by the Falcon Research and Development
Company under the guidance of Mr. Arthur M. Krill, President.
Mr. George H. Custard served as Project Supervisor and was ably
assisted by Mr. James D. Donahue, Mr. Daniel K. Parks, and Mr.
John Thayer. Other persons assisting in the project at the
Falcon Research and Development Company include Mr. Charles

E. Eppinger, Mr. Donald Saum, Mr. Howard Iwata, Mr. Wallace
Clark, and Mrs. Jerry Foster. Assistance to the technical
effort was also provided by staff members of the Ken R. White
Company, an affiliate of Falcon Research and Development.
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SUMMARY

This project has sought to develop greater understanding of
the interaction of explosive blast forces with the structural
targets which require protection from the accidental detona-
tion of stored explosives. The relationships which have been
developed will be helpful in understanding the risks which

are implied in the established explosive quantity-distance
criteria and will provide a basis for estimating the potential
damage to structures exposed in a blast field which is suffi-
cient to cause incipient structural failure.

This work differs from many prior blast response studies in
that neither the massive structural failure sought by the
weapon designer nor the complete structural survival sought

by the protective structures programs have been directly
applicable. This precise balance between the blast forces

and the structural properties has required a more exacting
treatment of interactions than is found in much of the earlier
work.

This study has been implemented t.rough the definition of ten
specific structures which have t=<¢n "exposed" to the blast
forces from five charge sizes through analytical modeling
techniques. All charges considered have been spherical, sur-
face burst, bare TNT. The charges considered were limited to
the following five sizes: 1,000 pounds, 10,000 pounds,
100,000 pounds, 1,000,000 pounds, and 9,000,000 pounds.

The study has been limited to target response to air blast
forces with no consideration to ground shock, fragmentation
hazards (except glass), fire hazards or other potential
threats. This limitation is imposed only by the defined
scope of work and should not be misinterpreted as a lack of
concern Or awareness relative to the other hazards.

The ten specific target structures selected for consideration
were:

1. Modern split-level house constructed of a combination
of masonry and frame.

2. A modern church with laminated beams and an A-frame
YOO




3. A modern elementary school.
4. A multi-story office building.
5. A passenger bus moving around a curve on a highway.
6. A camper-pickup on a straight highway.
7. A stationary mobile home.
8. Personnel in the open.
9. The front wall of a standard igloo.
10. A commercial jet aircraft.

These targets have been described in precise structural detail
so that dynamic responses involving actual component weight,
elasticity, strength, and dimensions could be investigated.

Specific levels of damage have been defined as "acceptable"
for each type of target. These damage levels have been selec-
ted in consultation with the Armed Services Explosive Safety
Board to minimize the risk of serious injury to occupants of
the structures without requiring separation distances between
the stored explosive and the target structure that are
excessive. It is recognized by this study that separation
distance is often an expensive requirement. Thus, some minor
or incipient structural damage to target structures has been
considered as acceptable so long as the risk of serious injury
to personnel was sufficiently low.

A separate model of blast response has been developed for each
structural component of each target which can reasonably be
expected to suffer damage within the range of charge sizes and
distances considered. Thus, for example, the house is analyzed
in terms of the behavior of its frame roof, frame walls, and
masonry walls. The first failure of any of the three compo-
nents (to the established maximum acceptable level) defines a
minimum distance requirement for the entire target.

The dynamic interaction models consider both the elastic and

plastic deformation involved in target response and rely
heavily on the concept of requiring a critical impulse to be
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imparted to the target member in no more than one fourth of
its fundamental resonant frequency. Where the blast forces
act against both front and back surfaces of a target or compo-
nent, both forces have been considered. The models rely upon
the work of the Ballistic Research Laboratories for descrip-
tions of the blast wave phenomena in terms of peak incident
pressure, incident impulse, and positive duration. These
values, together with appropriate reflection factors and tar-
get dimensions have been used to define the reflected pressure
and impulse to which a particular target element must respond
as a function of time.

The computer program which has been developed to handle the
various models performs the iterative steps for each charge-
target interaction and will provide data relative to the
critical periods of each component, associated critical
impulse, required separation distance to meet the maximum
acceptable damage criterion, and the blast exposure of the
other target components. The program will accept a series of
structural properties as inputs to the program so that the
effects of variations in tensile strength, elasticity, mass,
etc., can be shown for each target element.

While the models and computer program elements are extensively
concerned with tsroet structural properties, it will be
valuable to remember that the protection of people rather

than the protection of structure underlies virtually all of

the work. This element of the models is easily lost sight of,
since it is implemented through the selection of damage cri-
teria rather than through the later developments of the various
failure modes. Note that no building is ever allowed to col-
lapse upon its occupants nor is any vehicle allowed to over-
turn or be forced beyond the control of the driver.

Experimental verification of target behavior, under the blast
loading conditions of greatest interest, has been sought from
all known prior tests. Some significant data has been found
and the analytical results are generally supported by the data
available. In general, however, the documented experimental
data available for these types of targets exposed to blast
conditions which produce only low levels of structural compo-
nent damage must be described as meager. This scarcity of
experimental evidence has required that results be developed
through a reliance on analytical techniques which are believed

Vit




to be accurate and appropriate. Confidence in these techniques
would be further enhanced by a carefully planned series of
tests to experimentally verify target behavior at the threshold
of structural failure for each type of target component
considered.

The results of the program have been presented in a series of
plots showing the computed distance for the defined damage
level in each target exposed to each of the five charge sizes.
These data may be compared with present standards which are
shown on each plot for the convenience of the reader. Plots
of the incident pressure and impulse values associated with
these distances have also been prepared for each target type.
These plots are clearly of the hyperbolic form which was
predicted by earlier workers in the field.
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EVALUATION OF EXPLOSIVES STORAGE SAFETY CRITERIA

I. INTRODUCTION

Present quantity-distance explosives storage criteria [28]
used for the specification of minimum separation distances
between various types and quantities of stored explosives and
surrounding facilities, have evolved principally from compre-
hensive studies of actual blast damage results. Several of
the recommended storage separation distances for given types
and quantities of explosives specified in these tables were
derived from thorough evaluations of the blast damage caused
by accidental detonation of these quantities to different
types of nearby structures. These damaged structures were
classified into general categories (such as inhabitated build-
ings), and the minimum distance specification for that classi-
fication of structure then based on the damage done to the
lightest constructed facility. Other separation distances

for quantities of explosives for which no accident or experi-
mental data exist were derived through the use of scaling laws.

The current standards have wide use and have proved a signifi-
cant factor in public safety ovexr the years. However, 1t

seems desirable to revise and expand the tables of recommended
separation distances whenever sufficient information with which
to consider new types of explosives, larger stored guantities
of explosive materials, and/or a wider spectrum of civilian
targets becomes available. Quantity-distance explosive storage
specifications have undergone several such revisions and expan-
sions since their inception. Recognition of the need to
distinguish between the storage requirements for military
explosives (bombs, rockets, etc.) and those pertaining to
commercial non-fragmenting explosives represents a past event
prompting review.

A review of current storage distance specifications again
seems warranted in view of the large number of weapons effects
studies, experimental and analytical studies of blast wave
characteristics, and target response studies conducted in the
past few years. In addition, the current standards have been
criticized from the viewpoint that they are expressed only in




terms of general categories of civilian targets*; i.e.,
barricaded or unbarricaded inhabited buildings, passenger
railroads, public highways, etc. Obviously, with the specifi-
cation of a separation distance applied to a general category
of targets (such as unbarricaded inhabited buildings, for
example) , no acknowledgement is made of any significant
differences in the response to a given blast force by the
different types of potential targets within that category--
frame house, brick houses, church building, school buildings,
etc. Consequently, specifications of minimum separation
distances can vary greatly in the degree of protection afforded
the different types of structures classified in one category.
When significant differences in the blast responses of specific
targets within one general category do exist, an extension of
the quantity-distance tables to include specific targets of
interest is warranted.

In view of these considerations, this study was conducted for
the Armed Services Explosive Safety Board with the intended
objectives of critically evaluating existing storage-distance
criteria, for blast damage, in light of updated analytical and
experimental evidence and of recommending the basis for storage
distance requirements applicable to a number of specific
civilian target not previously considered. For each target

and quantity of explosive considered, analytical methodology
has been formulated with which to specify a minimum separation
distance which minimizes the probable risk that the blast
damage resulting from an accidental detonation will exceed a
predetermined acceptable level. These procedures were derived,
where possible, through application of results from more

recent analytical and experimental blast damage programs in
which the structures or structural elements subjected to blast
could be related through similar structural properties and
construction techniques to the civilian targets of interest.

A computer program was developed to facilitate this study and
was used to obtain the results of the analysis presented herein.

*The term "target" is used throughout this report to refer to
personnel and to public structures which normally require
protection from accidental detonation of stored explosives.
Such targets include civilian personnel, various types of
private dwellings and buildings, mobile houses, commercial
aircraft, automotive vehicles, other storage magazines, etc.



It is programmed in FORTRAN and can be adapted to several
types of computers. A description of the program, flow charts,
and operating instructions are presented in Reference 32.




II. SELECTION OF TARGLETS AND ESTABLISHMENT OF ACCEPTABLE
DAMAGE CRITERIA

The prediction of the blast response of existing structures
is an exceedingly complex problem involving many unresolved
aspects of both the air blast loading on, and the failure
mechanism of, structures. Therefore, a combined knowledge of
air blast phenomena and the construction practices used with
many types of structures is important to the ultimate success
of any blast damage study.

In reviewing the current guantity-distance explosives storage
specifications, a realistic spectrum of civilian targets
requiring protection against blast damage hazards was first
established so that representative or generic types of struc-
tures could be selected, and a detailed study of their con-
struction techniques made. Therefore, as an initial step,
ten specific types of civilian targets considered to be
representative of the spectrum of targets reguiring protection
were selected by cognizant personnel of the Armed Services
Explosive Safety Board. These are listed below and each is
discussed in detail in Section 1IV.

1. Split-level, frame-brick house

2. A-frame construction church building

3. One-story masonry school building

4. Multistory, concrete block panel office building
5. Mobile home

6. Passenger bus

7. Camper-pickup unit

8. Commercial jet aircraft

9. Man

10. Standard explosives storage igloo

Before recommended guantity-distance criteria for stored
explosives could be established or critically reviewed, the
levels of damage against which the selected targets are to be
protected had to be ascertained. This, of course, is a com-
plex task because of the difficulty in meaningfully describing
the exact extent of structural degradation caused by observable
damage in an experimental test. For example, the description
for a large crack in a section of concrete wall as "severe
structural damage", may or may not accurately describe the

loss in load-carrying capacity of the particular type of wall.



The approach to this problem was to determine blast over-
pressures which cause different, uniquely describable, degrees
of acceptable damage to a structure.

In establishing "acceptable damage" criteria for each of the
above targets, a number of unacceptable degrees of damage
were first considered for each structure. The explosive
storage separation distance for a given explosive quantity

was then established with relationship to a "worst case" or
first damage level. For the stationary targets (home, church,
school, office building, and the mobile home), two levels of
unacceptable damage or risk levels were considered. The first
was damage which constituted a critical hazard to occupants
from high velocity glass fragments from broken windows. The
second was blast damage sufficient to cause an immediate
hazard to occupants of the building as a result of collapse
of the roof or walls of the structure. In the analysis of
these structures, levels of pressure-impulse--for each
selected explosive quantity--which cause each of these types
of damage were established. The greatest separation distance
at which unacceptable damage occurs denotes the critical
damage, and, thus, is designated as the "worst case".

Acceptable damage to each structure is identified as all
structural damage of a degree up to but not including the
specified critical damage. For example, if a house roof is
expected to fail before the brick or frame walls--and also
before flying glass becomes a significant hazard--tnen the
acceptable level would include all damage up to, but not
including, roof collapse. In this case, a distance corre-
sponding to the blast forces required to crack the roof
rafters, but not sufficient to structurally collapse the
roof, would be identified as the recommended separation
distance.

With respect to the passenger vehicles, targets 6 and 7, the
levels of risk considered were those which cause: (1) loss
of control on high speed, heavily travelled highways so as to
endanger other vehicles; (2) crushing of the wall sections

of the vehicles so as to endanger occupants; or (3) overturn-
ing, whichever represents the worst case.

For the commercial jet aircraft, damage sufficient to cause ‘:>
loss of control when landing or taking off was considered.




The level of risk considered for personnel targets was that of
being violently thrown to the ground, down stairs, or against
nearby structures. Collapse of the door of the explosives stor-
age 1gloo was specified as the level of risk for that target.

The computer program has been used to generate separation dis-
tances for the above ten targets and the specified damage levels.
Five explosive charge sizes (1,000, 10,000, 100,000, 1 and 9
million pounds of TNT) have been considered.

Specific degrees of acceptable damage to each target have been
defined with respect to the hazards discussed above. The
quantity-distance criterion for each target has been based on
the first to occur of the different types of acceptable damage.
These are:

1. House - (1) cracking, but not complete severance, of
one or more roof rafters; (2) cracking of one or more frame
wall support members; (3) a 5-inch deflection of the center
section of the brick wall; or (4) a glass fragment serious
injury probability up to 30 percent.

2. Church - (1) cracking of one or more of the laminated
beams, (2) cracking of one or more decking members, or (3) a
glass fragment serious injury probability up to 30 percent.

3. School - (1) cracking of one or more roof beams, (2) a
5-inch deflection of the center section of the stone wall, or
(3) a glass fragment serious injury probability up to 30 percent.

4., Office Building - (1) a 5-inch deflection in either
type of wall, or (2) a glass fragment injury probability up to
30 percent.

5. Passenger Bus, Camper-Pickup Unit, and Mobile Home -
(1) all damage associated with the pressure-impulse correspond-
ing to 80 percent of the impulse required for overturning.

6. Explosives Storage Igloo - (1) all damage associated
with the pressure-impulse required to deform the doors so that
they open.

7. Personnel - (1) overpressures up to but not including
those causing eardrum rupture, or (2) pressure-impulse forces
causing translation of the man at a maximum velocity of 3.5 fps.

8. Commercial Aircraft - (1) threshold deformation of the
substructive frame member supporting the weakest skin panel.




III. BLAST EFFECTS MODELS AND RELATED STUDIES

A. GENERAL CONSIDERATIONS

A model or method to accurately relate the damage characteris-
tics of a shock wave to the structural characteristics of a
specific target is required in order to determine the blast
damage potential of an explosive detonation. Theoretically,
the response of a structure to the dynamic blast loading can
be estimated with a knowledge of (a) the complete dynamic
response of the structure; (b) the aerodynamic properties of
the specific structure; and (c) the pressure, time, and posi-
tion characteristics of the blast wave relative to the struc-
ture. These essential factors have been treated, more or less
independently, in a large number of military target vulnera-
bility and weapons effectiveness studies, target descriptions,
and experimental and analytical studies of blast wave charac-
teristics. Sufficient experimental data have been obtained
from field testing so that the pressure, time, and position
characteristics of a shock wave resulting from explosive
detonation can be approximated with reasonable accuracy.
Formulae and extensive tabulations giving values of these
parameters for various welghts and types of explosives are
available [57, 71].

Accurate estimates of the complete dynamic response of a struc-
ture to blast are greatly complicated by its complex structural
nature and by the number of various phenomena of a blast wave
which render damage to the structure. A completely acceptable
theory or method of approximation for this response by all
types of targets has not been developed. Many experimental
studies have been conducted in which the structural responses
to blast of simple structural shapes, such as cylinders [86,
87], beams [66], plates [59, 72], and shells [15] have

been measured. Methods for predicting the blast levels
sufficient to cause permanent deformation in the structure are
formulated from the empirical data. Many investigators have
attempted to obtain approximations of the structural response
of targets by viewing the targets as a composite system of
simple structural shapes and utilizing empirical methods to
predict the structural response of each individual component.
However, this procedure has usually resulted in obtaining

only gross approximations. Based on these considerations, the
dynamic response of a complex target is considered the most




difficult-to-quantify factor in the study of this type of
damage mechanismn,

B. ANALYTICAL AND EXPERIMENTAL MODELS OF STRUCTURAL
BLAST DAMAGE

As an initial step in attempting to quantify the dynamic
response to blast loading of the targets of interest, a
detailed study of their structural properties and construction
techniques was made. This study was intended to indicate how
the external surfaces of each target might react under blast
loading. While from a structural analysis viewpoint, differ-
ent types of single story houses, for example, all might con-
ceivably be classified as being of "rigid roof" construction
(the columns are of sufficient strength and rigidity to resist
relative motion between columns), it is inconceivable that
their different types of exterior walls would react identically
to identical blast loadings. Therefore, it was necessary and
desirable to classify the potential mode of behavior to blast
loading of different types of exterior surfaces of each class
of target through a detailed structural study at the outset of
this program.

Results from several experimental blast studies which have

been conducted on targets or structural elements, related
through similar structural properties to the specified civilian
targets, have been used. In several cases, the descriptions of
structures and structural elements treated in these experi-
mental studies have been well documented and it can be defi-
nitely ascertained that they are similar to the structural
peoperties of the selected civilian targets considered in this
study. Thus, their resistance to blast loading has been
equated.

In this phase of the study, numerous documented experimental
and analytical investigations were reviewed; several are
listed in the Reference section. The more useful results are
reviewed in the following paragraphs.

l. Wall Sections of Houses and Other Buildings

The essential difference between the response to blast loading
of the walls of different types of single story frame, brick,
stucco, etc., houses, can be attributed to the varying strength



properties of the different types of walls. The resistance
of wall sections can be idealized as elastic, elasto-plastic,
plastic, strain hardening, and decaying or unstable. The
blast response of a wall is dependent upon the type of wall
construction and more specifically on its support conditions
and mode of response. For each type of wall construction,
simple support, fixed support, and fixed-hinged support con-
struction must be considered.

The exterior walls of buildings are also generally categor-
ized as panel, curtain, and load-bearing. Panel walls can be
defined as nonload-bearing walls that are supported by the
structural framework of the building at each floor level. 1In
general, such walls are designed for wind pressure only; in
actual buildings, panel walls can act as diaphragms or shear
walls in resisting deformations of the structure, especially
for large blast forces. Curtain walls are self-supporting
exterior walls that are independent of the frame, although
they are usually laterally anchored to the frame at each floor
level. Except for their own dead weight, curtain walls are
also nonload-bearing. On the other hand, the exterior walls
make up the main structural member of a load-bearing wall
building. As such, load-bearing walls support primary build-
ing loads in addition to their own dead weight.

a. Simply Supported Walls

The resistance of a simply supported masonry unit wall, for
example, subjected to a uniformly distributed dynamic load 1is
a function of the bending resistance of the wall and its ver-
tical load (see Figure 1l). Masonry walls which are loaded
from the side will fail in a three-step process composed of
an elastic phase, tensile failure of mortar or mortar bonds,
and a deformation phase in which internal crushing takes
place, and components of the wall are translated or deflected
beyond a point where they can support their usual load.

The resistance-deflection relationships which make it possible
to evaluate the work required to fail the wall have been pre-
sented in an OCD report, "Existing Structures Evaluation -
Part I, Wallse" [106). Tlie maximum elastic Fesistance, Oy, far
a l-inch wide section or beam of this type of wall (8 inches
thick), is developed when the moment at the center section is
a maximum, or




M="_, (l)

where L is the height of the wall section (inches) as indi-
cated in Figure 1.

If it is assumed that a linear relationship exists between
stress and strain across a section of the wall, the extreme
fiber stress, o, is given by

g = == (2)

where:

Py = the vertical wall load acting on the end section
A (inchesz),

C = the maximum distance from the neutral axis of
the wall to the extreme fiber, and
I = the moment of inertia of the wall section.

P, includes the blast forces acting on structures supported
by the wall or bearing on the wall.

Substituting equation (1) into equation (2), rearranging
terms, and assuming that the tensile stress governs the ini-
tial wall failure, the maximum elastic resistance, Q1, for
the l-inch wide wall column is

4Ty
Q1 = 3L (£-Tyy + Py) (3)
where:
Ty = thickness of the wall (inches) and

f

tensile bond strength (lbs/in?).

The maximum deflection (inches) for the elastic phase is

5QlL3
Y1 T 3821 (3

where E is Young's modulus.

10
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The above equations are not exact, since the effect of the
eccentricity of the axial load, which results from the deflec-
tion of the wall under the lateral load, is neglected. How-
ever, for unreinforced walls of the type considered, the
elastic deflections are very small, and therefore, the
increase in moment and deflection caused by the eccentricity
are also small.

Subsequent to the initial bending failure of the wall during
the elastic phase, a crack is developed in the vicinity of
the point of maximum moment, and the bending resistance of
the wall reduces to zero. However, the wall does not neces-
sarily collapse, since the axial force in the plane of the
wall provides a restoring force, which results in a decaying
type of resistance function. It is apparent that for a static
or long duration dynamic lateral load, a structural member
with a decaying resistance function would collapse if the
load equaled the maximum resistance. However, for situations
where the clearing time of the reflected overpressure is
relatively short, the influence of a decaying resistance
function can be important for the prediction of the collapse
pressure, even for long duration blast loads.

The tensile failure occurs very nearly instantaneously at the
limit of elastic deformation. Beyond the point of the tensile
failure deformation proceeds in accordance with the relation-
ship between the blast loading and a linear resistance decay
from a maximum resistance level, Q). To develop an equation
for the resistance during the secondary phase, it was assumed
that the wall will crack along a horizontal section and that
the two resulting wall segments will rotate about the supports
as rigid bodies, as shown on Figure 1(b). The resistance in
the secondary or decaying phase is related to the vertical
axial load, the wall dead load, the wall dimensions, and the
deflection. By taking moments about one of the supports, it
can be shown that the maximum resistance during the decaying
phase is equal to

02 = = (Ty - y1) (2 Py + w), (5)

B

where w is the weight of the wall column. As shown in Fig-
ure 2, this maximum resistance may be greater than, equal to,
or less than the maximum elastic resistance.

12
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The assumption for the location of the vertical dead weight
and blast loading, Py, during the secondary phase affects
both the maximum resistance and the deflection at which col-
lapse is predicted. The actual location of the resultant of
the vertical forces during the response of the wall depends
on a number of factors, such as the point of application of
the floor loads and the deflection of the wall, and is there-
fore indeterminate. It can be logically assumed that before
cracking of the wall the vertical dead load will act at the
centroid of the wall section. After cracking, the vertical
dead load will act in the plane of the inner wall surface.

The resistance in the decaying phase will decrease linearly
from Q2 at yj; to zero at y = Ty,. The integration of the
resistance functions shown in Figure 2 defines the blast
energy required to fail the wall by the mechanism shown in
Figure 1 with an instantaneous uniform load.

The uniform blast impulse first accelerates every element of
the wall section imparting kinetic energy to it. If the ini-
tial velocity of the components of the wall is sufficient at
the end of the instantaneous loading period, failure of the
wall will follow, and the kinetic energy required to fail the
wall will have been provided by the blast wave. The kinetic
energy which must be available in the blast wave which strikes
a wall half section can be equated to one-half of the work
defined by the integration of the full wall resistance func-
tion, and is expressed as

2
1/2W = BE & 1/2m ¥ (6)
where:
m = mass of the half wall, and
v = initial velocity of the wall elements.

As the restraints come into play, the motion of the wall sec-
tions becomes rotational about the restraining points and
approximately half the initially imparted energy converted

to wall deflection work. The total impulse required to pro-
vide this amount of kinetic energy is:

H

Fo = At

(Fo - Fy) At + Fp At (7)

14



where:

H = total blast impulse applied to the half wall

Fo = blast force acting at the center of the half wall
At = the time interval that the force acts
F, = resisting force at the point of rotation for the

half wall.

Expressed in terms of mass and velocity, equation (7) may be
written as

I.,4-V
H = nV + o L[ SR - (8)
cg h2

where h is one-quarter of the wall height. The unit impulse
(psi-ms) reguired to fail the l-inch wall column or beam is

H-1000 9
C T (area of the half wall beam (in<)) (9)

b. Fixed-End Walls

The resistance function for a simply supported, one-way
reinforced wall is bilinear, with an elastic and a decaying
resistance phase. The resistance function for a uniformly
loaded fixed=-end wall is similar, except that the maximum
elastic resistance is developed when the moment at support is
a maximum, Or

Q1L
Mmax = 75 (10)

The maximum elastic resistance is given by

Gy = — (E Dy + B, (11)
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where the terms are defined as in (3). The maximum deflec-
tion for the elastic phase of a fixed-end wall 1is

0;L3
Y1 T 384EI

(12)

After cracking occurs at the fixed support, the bending resist-
ance at the support is reduced to zero, and the wall responds
as a simply supported wall. The resistance and deflection
during this phase can be determined by equations (3) and (4),
respectively. However, since the maximum resistance for a
simply supported element is only two-thirds that for a fixed-
end element, the influence of this phase on the predicted wall
collapse is not important. Therefore, the resistance for the
secondary phase for a fixed-end wall is assumed to be identi-
cal to the decaying resistance determined by (5) for a simply
supported wall.

c. Propped-Cantilever Wall

The shape of the resistance function for a wall fixed at one
end and simply supported at the other end is identical to
that for a fixed-end wall. The maximum elastic resistance
for the propped cantilever is developed when the moment at
the fixed support is maximum and is equal to eguation (1) for
a simply supported wall. The maximum elastic resistance is
therefore given by equation (3).

The maximum deflection for the elastic phase occurs at a dis-

tance of 0.4215 L from the simply supported end and is equal
to

Q1L3
¥y, = TebEs

(13)

For the reasons discussed in the previous subsection for
fixed-end walls, the resistance for the secondary phase for a
propped-cantilever wall is assumed to be identical to the
decaying resistance function given by equation (5) for a
simply supported wall.

le



2. Experimental Work With Wall Sections

A number of experimental tests utilizing full-size test panels
or wall sections have been documented. Reference 109 reports
shock tube tests with wall sections of the same type and
methods of construction as are prevelant in the civilian
structures of interest. Twenty-one tests with brick and
sheetrock wall panels were conducted in this referenced study.
In the tests with 8-inch-thick brick walls (simply supported
with no openings), peak reflected pressures ranged from 3.5
to 10.3 psi. In all cases, the wall failed (cracked) and
subsequently collapsed. In the lower range of reflected
overpressures, 3.5 to 4.0 psi, the walls tended to crack
along a generally horizontal line within 1 foot of the center
of the wall, and to collapse in several large pileces near
their original position. Most of the resultant debris
scattered within 10 feet of the wall. The loading pulse was
essentially a three-stage, flat-topped pulse in which much of
the decay took place in the last one-half of the duration.

The duration of the pulse was approximately 90 to 100 msec.
The corresponding theoretically computed reflected impulse
was approximately 139 psi-msec.

No firm data were obtained with which to establish the thresh-
old failure level, but it was inferred from the existing data
and preliminary theoretical work that the collapse threshold
is about 1.0 psi reflected overpressure for the 8-inch-thick,
simply supported wall (assuming a tensile bond failure stress
of 50 1lbs/in?). On this assumption, the computed reflected
impulse required to produce threshold collapse is approxi-
mately 55 psi-msec. Using the wall collapse model presented
in equations (1) through (9), a comparison of actual results
and theoretical predictions can be made. Allowing Py to
reflect only the dead weight of the structures supported by
the wall (blast loading on these structures assumed negligible)
and assuming a tensile bond failure stress of 50 lbs/inZ, the
calculated impulse by equations (1) through (9) to cause
threshold collapse of the 8-inch, simply supported, brick wall
is 60 psi-msec. The general agreement in these predicted and
observed results is thought to justify use of the theoretical
model presented. It therefore has been used extensively in
the analysis section.




C. GLASS FRAGMENT PROPERTIES AND LETHALITY

Reference 73 presents the blast loadings associated with the
50-percent probability of failure for many weights, thick-
nesses, and maximum sizes of window glass that are available
commercially. Data on weight, velocity, and spatial density
of glass fragments resulting from window failure were reported
for Operation Teapot tests. The incipient failure blast pres-
sures for front-face loading as a function of pane area and
thickness are summarized in Figure 3. Characteristics of
window and plate glass are presented in Tables I and II.

When a structure is examined to determine its response to a
range of air blast overpressures, the lowest overpressure
causing building damage is usually found to be that associated
with window glass failure. Glass failure is not structurally
detrimental; however, if the glass fragments accelerated by
air blast attain sufficient velocity, the injury to humans is
of major concern. Thus, the need exists for a study of window
behavior.

The mass and velocity of actual fragments produced by the
breaking of windows due to blast phenomena have been exten-
sively studied by the staff of the Lovelace Foundation. Fig-
ure 4 presents data relative to the wounding potential of
glass fragments. Probabilities of serious wounds, expressed
as functions of fragment mass and velocity, are given in this
figure. Fragments which are below the P = 0.0 line must be
considered to be of no serious threat to personnel except for
chance hits in the eye or other points of extreme vulnerability.

Most of the related work has shown that fragment size varies
inversely with the peak pressure of the blast wave striking
the window. Figure 5 presents the relationship for the most
common varieties of glass. While these mean values are well
documented, the range of fragment sizes encountered in experi-
mental tests, particularly for low incident pressures, is
extreme. For example, data from the recent China Lake tests
involving 10,000 pounds of TNT at a distance of 865 feet,
produced fragments from less than 0.02 gram size to more than
60 grams. The front windows only are represented in this
range. Incident pressure was about 1 psi and the glass was
double strength.

18
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TABLE I. Sheet Glass Specifications

Thickness Approximate Weight Maximum
(in) per Square Foot Size
Type Nominal Range Qunces Pounds (in)
Single 3/32 (.085~.097) 19 HIES10, 40x50
strength
Double 1/8 (:L17=.131) 26 1.60 60x80
strength
3/16" heavy 8716 (132~ 200 40 25l 120x84
sheet
7/32" heavy Fofed. {22 =280 45 2. 82 120x84
sheet
1/4" heavy 1/4 (.240-.260) 52 B 120x84
sheet
3/8" heavy 3/8 [«356—.384) i 4.78 60x84
sheet
7/16" heavy 2716 (#480=.430) 86 5.4 36 60x84
Source: Reference 73.

TABLE II. Plate Glass Specifications

Thickness Approximate Weight Maximum

(in) per Square Foot Size

Type Nominal Tolerance (pounds) (in)
Float 1/4 H1./32 3.24 122x200
Regular plate 1/8 +l732 1.64 76x128
Regular plate 1/4 sl 32 3.28 127x226
Regular plate 5/16 +£1/32 4.10 127x226
Regular plate 3/8 +1/32 4.92 125x281
Regular plate 1/2 1732 6.56 1252261
Regular plate 3/4 +1/32 -3/64 9.85 120x280
Regular plate 1 +3/64 -1/16 Ledisald 74x148

Source: Reference 73,

20
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A similar test at Prairie Flat involving 1,000,000 pounds of
TNT at a distance of 4,000 feet produced fragments with about
the same size spread, even though the glass was only single
strength and the mean fragment size was clearly less. Peak
pressure for this test was very close to the 1 psi value of
the China Lake test even though impulse was greater by at
least a factor of three. The scatter of glass fragment mass
and velocity values for all windows in both the Prairie Flat
and China Lake tests is shown in Figure 6.

Fragment velocity 1is inversely proportional to fragment size
and is directly affected by the duration of the pressure
pulse. It has been shown that a window fragment is acceler-
ated by the reflected pressure, since the total pane surface
is always large in relation to the dimensions of an individual
fragment. Figure 7 indicates the pressure-velocity relation-
ship for the geometric mean fragments. The spread of data is
great as indicated by the standard error values plotted on the
figure.

In the Prairie Flat test, 822 fragments from front windows
were examined. Of these no fragments greater than ten grams
mass had velocities greater than 100 feet per second. Only
12 fragments greater than 1 gram exceeded 100 feet per second
and the highest velocity indicated for any of these was only
150 feet per second. An additional ten fragments with masses
between 0.1 and 1 gram exceeded 150 feet per second, but none
of these exceeded 200 feet per second. Thus, there was very
little probability of causing serious injury from the glass
fragments produced in these tests.

It must be concluded that this type of glass fragment repre-
sents a minimum hazard at incident overpressure levels below
1l psi; becomes a marginal hazard at levels of 1.5 to 2 psi;
and becomes a more serious hazard only at higher levels.

D. ANALYTICAL MODELS FOR PREDICTING BLAST DAMAGE EFFECTS

In this and other related studies, Falcon personnel have con-
ducted extensive surveys of many analytical and empirical
evaluations of conventional explosives blast effects. It has
been concluded from these investigations that the most feasible
approaches to the prediction of the blast loading response of

a structure must be based on theory utilizing both the peak
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overpressure and impulse parameters. Of those analytical
approaches based on overpressure-impulse, two, which seem
most realistic, are discussed in the following paragraphs.

l. Sewell's Approach

R. Sewell, Naval Weapons Center [89], has developed a blast
effects prediction criterion based on achieving a "critical
impulse within a critical period". This premise is that if
a blast wave impinging upon a structural surface creates a
velocity in the elements of the structure, relative to fixed
points on the surface, greater than a "critical working
velocity", then permanent deformation of the structure will
result. A further assumption is that this critical velocity
must occur within one-quarter period of the fundamental
resonant frequency of the structure, v/4.

Since the critical working velocity is not known for most
materials, Sewell utilizes the known critical impact velocity,
i.e., that velocity causing tensile failure in the material,
in the formulation. Since this criterion of blast damage
effectiveness is based on achieving a "critical impulse in a
critical time period", it takes both the contribution of
pressure and impulse into account in that the delivery time
limitation requires that the pressure be relatively high in
order to produce the necessary impulse within the time limit.
Additionally, the characteristics of the target are given
consideration in that the critical time is a function of the
resonant frequency of the target and the critical impulse is
expressed as a function of target characteristics.

The impulse in the critical period achieved by a fixed charge
size at the target is a function of the charge-target distance
D. An impulse, based only on the incident pressure, greater
than Ip, will occur for all charge-target distances less than
D1. Within the distance Dj, a fixed charge will create a
sufficient incident pressure to achieve a critical impulse in
a critical time and thus rupture the target material. The
impulse, achievable by the full reflected pressure of the
blast wave in the critical period, which is equal to the cal-
culated critical impulse I., is associated with a charge-
target distance, D3, beyond which no significant target damage
can occur. Therefore, at charge-target distances greater than
D2, the probability of generating a critical impulse is =zero.
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Sewell suggests that for a fixed charge size, a linear inter-
polation in the target kill probability can be made for all
charge-target distances for which D,>D>Dj.

Criteria for establishing the unity and zero target kill
probabilities may be derived for a fixed charge size and
charge-target distance. These are:

v/4
Lt Ipy =g[ Po(t) dt>I.,, then Py =1, (14)
' Y./4
and if Ip, i/Q Pr(t) &t<i., ‘them By = 0, (15)
0
where:
Pof{t) = incident or side-on overpressure function
pr(t) = full reflected overpressure function (equation

(l6))r and

Y/4 quarter period of the fundamental resonant

freguency of the target.

It is assumed that the reflected pressure on a surface decays
in the same manner as the incident pressure; thus, the gener-
ally accepted approximation for the reflected overpressure
function p,(t) becomes

pr(t) = Pp(l - =) e (16)

where P, is the peak reflected pressure. This approach takes
the contribution of both pressure and duration into account
in that the delivery time limitation (y/4, the one-gquarter
period of the fundamental resonant frequency), requires the
pressure to be relatively high in order to produce a critical
impulse with the specified time limit. Specifically, the
critical unit impulse is expressed as

IC = \lcp']:‘6 7 (17)




Ve = critical velecity
pp = density of the target (slugs/in3)
§ = thickness of the target.

The application of Sewell's approach is best applied

to nonbrittle targets, since it implies that greater degrees
of deformation in a structure accompany higher impulses
imparted to the structure. However, the basic premise of
having to achieve a critical impulse within the first one-
quarter of the fundamental frequency of any type of target is
thought to be valid regardless of the stress-strain relation-
ship of the target.

The use of a critical working velocity for metallic panels is,
in effect, an extrapolation of the fundamental research
reported by Rinehart and Pearson [83] and Von Karman and
Duwey [101]. In the latter paper, the dependence of brittle
tensile fracture in long metallic wires on the critical impact
velocity V. is defined by

[ E
u
de
Va 3/ ———5——' de , (18)
0

where:

do
de

instantaneous slope of the stress-strain curve
for a specific metal

mass density of the metal

ke
i

ultimate strain of the metal.

m
]

In a later research paper by Clark and Wood [22] an excellent
correlation with test data was established.

In the evaluation of prediction techniques in comparison with
existing empirical results, it is generally necessary to make
several assumptions and approximations in order to obtain the
necessary input data. Certain assumptions were made in order
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to conduct a comparative analysis of the predictions obtained
through the use of Sewell's criterion and the actual aluminum
cylinder damage data experimentally obtained by Schuman [87].
The calculated critical impulse of the aluminum cylinders used
in the BRL tests was 5.38 psi-ms. This result was derived
using (17) where the critical velocity of aluminum is assumed
to e 300 fpE.

To determine the critical time, which is considered to be one-
guarter period of the resonant frequency, it was assumed that
the lowest natural frequency of a short thin walled cylinder

is associated with a vibration about the axis similar to that
of a vibrating ring. With this assumption the expression for
frequency of a vibrating ring as given by Timoshenko is appli-

cable [95]. This equation is given as
I | Eg I 12(1-12)2
Pi = o1 4 2 S
. o B 1+i
where:
p = frequency
i = mode

Y = specific weight

A = cross section area
r = radius
g = acceleration due to gravity.

Since the cylinders were plugged at each end, and thereby
stiffened appreciably, a higher frequency than that calculated
in this manner would be expected. Assuming a factor of three
for this correction, a frequency of 200 cycles per second was
obtained for the cylindrical shells utilized as targets. Thus,
a quarter period of 1.25 milliseconds was taken as the critical
time.

With these values for critical impulse and critical velocity,
plots of the probability of achieving an observable deforma-
tion in the cylinder, versus distance for varying charge sizes




were made. These functions were derived using equations (14)
and (15) and the assumption of linearity. Figure 8 presents
two of these curves for two charge sizes employed in the BRL
studv. In the case of the 8.3-pound charge, an observable
deformation, excessive deformation in fact, was obtained at a
distance of 16 feet. This distance is well within the distance
of 22 feet at which the probability of a permanent deformation
is predicted to be a certainty. For the 1l15-pound charge, an
observable deformation was obtained at 70 feet. From the
graph, it is seen that the predicted probability of such an
event is approximately 0.70. Therefore, it would appear, for
these examples, there is reasonable agreement between the
experimental results and the "critical impulse in a critical
time period" criterion.

2. Critical Stress Approach

In the analyses made in this study, Sewell's premise of having
to achieve a critical impulse within the one-gquarter fundamen-
tal resonant frequency of a structure is used extensively. 1In
the treatment of wood structures, most of the accepted levels
of damage considered in this study are based on simply crack-
ing, but not completely breaking, a particular wood member.
Therefore, the elastic phase of deflection, up to and including
the yield point, is of primary interest. In the application
of Sewell's criterion to wood structures, it is assumed that

a critical impulse must be imparted to the wood structure so
that it will deflect beyond its yield point within one-quarter
of its natural period.

To illustrate, a wood beam, simply supported and uniformly
loaded will be considered; its natural frequency is

17%.
2 .
p=1I Bl radians/second (20)
mg 4
where:
m = mass of the beam per unit length (usually lbs/in)
2 = length of the beam.

The quarter period, or critical period Cpr is given by
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C. = = 2R seconds (:2:1)
4 p

The critical impulse, I., which must be delivered to the beam
is that impulse which deflects the uniformly loaded beam
beyond its point of maximum elastic deflection within Cp
seconds.

The calculation of the deflection of a loaded beam is based
on the deflection of a loaded spring. The energy, U, stored
in a deflected linear spring 1is

A
= i B 22
Wi W (22)
where P is the force required to cause the deflection A. 1In
order to use equation (22) with a beam, an expression for A
must be obtained. If the load function f(w) and sufficient

boundry conditions are known, this can be obtained from a
successive integration of

4
EI 0 e £ (w)
dax
where:
A = deflection
x = distance along the beam.

If the shear V is known, A can be obtained from a triple
integration of

In the most common situations (the analysis of a simply sup-
ported, uniformly loaded beam), the bending moment equation,
M, can be easily written and A obtained from

EI —= = -M . (23)
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The equation thus obtained for A will involve a load, w. To
find the maximum permissible value for w, wg, a maximum
tensile fiber stress, opgx: is obtained and substituted in
the equation

Omaxi
Muax = —¢ (24)

The M., thus obtained is substituted for M in the bending
moment equation along with an x that corresponds to the loca-
tion along the beam of maximum moment. In the case of the
uniformly loaded beam of length %

L wX
M = 3 wX - >
The maximum moment occurs when x = &4/2, so that
T A I T
max 272 2 4 @ 8
% e 8 Mpax _ 8 . Imax! (28]
& 22 22 C

The internal energy, U, is determined by integration of equa-
tion (23) over the length of the beam, where

P = Wo dx (26)

In this case, the following simple expression is obtained

(27)

The necessary unit impulse, I., to provide this required energy

is then computed from

i = 1000- (2um) 1/2 - s
~ (area of the beam (in2)) PS17msec )

Equation (28) assumes that the resisting forces developed
during the application of the impulse are negligible.




E. ESTABLISHMENT OF QUANTITY~-DISTANCE STORAGE
REQUIREMENTS

As a final step in this study, analytical criteria have been
formulated with which to determine minimum separation dis-
tances for all designated explosive quantities and types of
civilian targets. Minimum distances have been established
with respect to minimizing the risk that blast damage result-
ing from an explosive detonation will exceed a predetermined
acceptable level. The incident overpressures and incident
impulses associated with the derived distances have been pre-
sented, in part, in a method analogous to that formulated by
0. T. Johnson {52], Ballistic Research Laboratories.

His empirical approach is based on the derivation of a rela-
tively simple relationship which characterizes all combina-
tions of explosive weights and charge-target separation
distances which produce one identifiable damage level to a
target. Specifically, if a charge of given size and separa-
tion distance produces a specific damage level such as

window glass breakage, then all other combinations of charge
size and separation distance which produce no more severe
damage can be reasonably well approximated using his criterion.

Considering a broad range of explosive weights, Johnson notes
that if a division between all plotted combinations of pres-
sure and impulse values which cause less damage than an
indicated level and those which cause excessive damage were
made, then that division would be a hyperbolic function as
illustrated in Figure 9. In this figure, the relative rela-
tionship of two different damage levels is indicated. This
illustration could well indicate the relationship of, say,
window glass breakage (Damage Level No. 1) to exterior wall
frame cracking (Damage Level No. 2).

Johnson notes that for any designated damage level, combina-
tions of P and I below the curve will cause less than the
indicated damage, whereas values above it will cause excessive
damage. The curve can be assumed to be hyperbolic and can be
expressed as (P - Pcritical) (I - Icritical) = C, a parameter
whose value depends on many conditions such as target charac-
teristics, type and shape of the explosive charge, environment,
etc. It is noted that as (I - Igrjtjcal) @Pproaches infinity
(i.e., as weight, W of the explosive increases) then damage

is a function solely of overpressure and in this instance
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P>Poyrjitical- Conversely, if W decreases the damage relates
with a critical value of impulse, I¢rjitical. Since P and I
can be uniquely determined from the parameters of explosive
weight (W) and distance (R), one can resort to this relation-
ship to determine explosive weight and distance for any
arbitrary level of damage or response. Using a large body of
experimental data Johnson concluded that for a number of
basically different targets the ratio of the distance, Rjgg.
needed to do damage for the selected weight, say 100 pounds,
to the distance, Ry for some other explosive weight causing
similar damage or response can be displayed parametrically,
.

Rioo
Cw.
Ry

(29)

35




The value of the parameter Cy essentially is constant for a
given weight of explosive.

A least square fit of the functional form Cy = aWwP®, which
becomes

Cw = 7.64W s (30)

was determined using the experimental data. The standard
deviations for a and b in the above equation are 0.219 and
0.010 respectively.

In order to derive P-I curves, as shown in Figure 9, it is

of course, necessary to determine at least one charge size
and distance for which the blast forces cause the designated
damage level to the target of interest. 1In the analysis of
each target in this study, these distances for five charges,
in the 1,000- to 9 million-pound range, were determined for
each designated damage level. Because of ease and the desire
for comparable values, the computer-programmed models for
each target were used to generate the minimum separation dis-
tances for all five charges, for each designated damage level.
This approach was taken instead of computing a specific
separation distance for one charge and using equation (30) to
derive the distances for the other charges. Comparisons
between these two types of approaches are shown in the Results
Section (V) of this report.

F. SHOCK WAVE PARAMETERS

The blast wave parameters resulting from detonation of an
explosive charge of given size and orientation have been
studied as a function of scaled charge-target separation dis-
tances by many agencies. These values are, of course, neces-
sary in applications of any analytical approach to target
response predictions. Probably the most extensive of these
is the publication by the U. S. Naval Ordnance Laboratory [71].
Their charts and graphs display the properties of explosive
material and detail the effects of their detonation in air,
underwater, and on metal. In many cases, the data are given
in nomograph form which allows effect predictions from the
geometry, weight, and composition of the explosives.

36




C. Kingery [57], Ballistic Research Laboratories, has also
summarized experimentally derived values for these parameters
for a TNT surface burst (hemispherical charges) as shown in
Figure 10. Through use of conversion factors, other types of
explosives can be related to these parameter values. Values
from these two sources were used in this study.
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Figure 10. Blast Wave Parameters versus Scaled Distance for
TNT Surface Burst (Hemispherical Charges)
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IV. ANALYSIS

A. SPLIT-LEVEL HOUSE

The selected generic split-level house is considered to be
constructed as shown in Figure 1l1. The house roof is com-
posed of 2- by 8-inch Douglas fir rafters on l6-inch centers
with a total length of 17 feet. The rafter lower ends are
notched (8-inch overhang) and nailed to a double 2- by 8-inch
plate bolted to the brick wall. Their upper ends are nailed
to a 2- by 8-inch ridge board. They are covered with 4- by
8-foot sheets of 1/2-inch plywood, 30-pound tar paper, and
250-pound asphalt shingles. There are no collar beams or
knee braces, or any sort of trusswork.

The brick wall is 8-inch solid brick with a common header

band every sixth course. There is no reinforcing. There are
several steel sash windows 6 feet 2 inches wide by 5 feet 4
inches high containing a 3- by 4-foot 2-inch piece of polished
plate glass and 14 9-inch by 12-1/2-inch panes of single
strength glass in most brick wall sections. However, there
are also large sections of brick wall with no windows or other
openings.

The frame wall consists of 8-inch bevel siding, 4- by 8-foot
by 3/4-inch fiberboard sheeting, 2- by 4-inch by 7-foot 6-inch
studs on l6-inch centers, and 1/2-inch plasterboard on the
inside. There are 2-foot 8-inch by 4-foot 6-inch windows

both singly and in pairs within an average section of frame
wall, the distance between them being about 8 feet.

Three exterior surfaces are considered as possible vulnerable
components in the blast damage assessment model for this

house: the roof, a portion of the brick wall containing no
openings, and the frame section containing window and door
openings. For all of the components, the risk level, or

unacceptable damage, is defined as structural collapse.
Therefore, damage levels which structurally degrade each com-
ponent but do not cause their structural collapse have been
defined. For the roof and frame wall sections, this damage
is regarded as the cracking, but not complete severence, of
one or more of the main 2- by 8-inch rafters or 2- by 4-inch
wall support members. For the brick wall, a deflection of
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approximately 5 inches at its center is considered sufficient
to seriously damage the wall through extensive cracking, but
not to cause partial or complete collapse.

In the computer-programmed methodology, the minimum distance
for each specific charge size which relates to the first-to-
occur of the above three criteria is determined. Then the
required impulse and calculated impulse achieved at this
specified distance is determined for all parameter variations
considered for each of the other structural components, in
order to insure that this truly is the minimum distance.

1. Analysis of the Roof Section

a. Calculation of Critical Period and Critical Impulse

A typical 17-foot long 2- by 8-inch roof rafter is analyzed
as a uniformly loaded, simply supported beam, with a dead
weight determined from its own weight and the weight of the
16-inch roof section it supports. Using equations (20) and
(21) , its critical period is computed from

G L msec
P-4 P secy
where p = 2 (E:Ig/w!l‘l)l/2

b. Strength Properties of Wood

The strength and elastic properties of Douglas fir vary,
depending largely on the geographical location in which it

was grown. Thus, in the above equation, the parameters E
(Young's modulus) and w (the weight supported per inch of
rafter) are known only within a range of values. Additionally,
in the calculation of critical impulse using equations (24)
through (28), opax, the modulus of rupture (defined for wood
structures as the fiber stress at the proportional limit) must
also be regarded as an indeterminate value.

In Reference 110 the strength properties of some important

commercially available woods grown in the United States are
given. An extract from that publication is given in Table III.
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TABLE III. Strength and Elastic Properties of
Douglas Fir Lumber

E

Omax Modulus of

Modulus of Rupture Elasticity

Type (psi) (psi x 106)
Coast: Green 7,600 4517
Dried 12,200 1. 95
Intermediate: Green 6,800 1,35
Dried 11,200 1.64

Rocky Mountain:

Green 6,400 o A 5
Dried 9,600 1.40

From large samples containing relatively clear test specimens
of both green and dried wood, average values of Opgy ~ 11,000
psi and E ~ 1.3 x 106 psi were obtained. The range of repre-
sentative roof weights (including the rafter) is estimated to
be from 8 to 10 1lbs/ft2 or from 10.64 to 13.30 lbs per lineal
foot of rafter. Based on these values, three values of each
unknown parameter were considered in the computer model and
the critical period and critical impulse calculated for each
set. The selected values and computed Cp and I appear i)
Table IV.

It is seen in Table IV that for the parameter values con-
sidered most typical (i.e., E = 1.3 million psi, W = 11.97

lbs per foot of roof section, and oyay = 11,000 psi), a criti-
cal impulse of 42.71 psi-msec must be delivered within 39.14
msec.

c. Blast Loading Models
Several widely used models for calculating the blast loading

on different types of simple structures involve the net load-
ing concept [96]. For a closed rectangular structure, for
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TABLE IV. Critical Period and Critical Impulse for
House Roof
Weight, ” Critical critical
E w Haz Period, C Impulse, I,
(psi x 106) (lbs/ft) (psi x 103) (msec) (psi-msec)

[ 10.64 9.sb 40.12 37.80
1.1 10.64 16 0 ¢ 40.12 2978
Ll 10.64 110 40.12 43.77
Lineds Ll O 7 9sb 42,55 40.10
AR | 11957 0.0 42.55 4i2:::2i
e, 151917 110 42.55 46.43
e 1330 £ 8S) 44,85 Q2. 2%
Lol 1330 10.0 44,85 44.49
| S ¢ 13.-30 B3 T 1 44.85 48.94
Lo 10.64 S 3690 34.77
158 10.64 10.0 36.. 90 36.60
18 10.64 11.0 PR 40.27
g ) i W Vi 39.14 $6.168
| 1187 100 39.14 8. 88
143 Lk 97 Lls0 39.14 -
Lind 135,30 o 41.26 38.88
148 18.30 3076 41..28 40.93
T 1330 116 41.26 45.02
L5 10.64 Y5 34.35 S AR
1.5 10.064 100 34.35 34.08
L5 10.64 11550 34.3% 3709
155 11.97 9.5 36.44 34.34
L i N ) 10.0 36.44 36.14
B Leilics 97 2 a0} 36.44 39.76
LB 1830 9 5 38.41 26: 19
155 1.8..30 0.0 38.41 8810
I8 1330 11.0 38.41 41.91

*Representative case.
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example, the loadings on the front and back surfaces are
determined, and, if desired, that portion of the back face
loading which occurs during the positive duration of the
shock wave (as measured at the front face) is subtracted to
yield the net loading on the structure.

A closed rectangular structure may be represented by a paral-
lelepiped having length L, height H, and width WD. The maxi-
mum blast loading resulting from a normally impinging shock
wave striking the flat surface is that exerted by the reflec-
ted pressure. The peak reflected pressure P,, occurring at
time t = 0, is given by

7P +4P
P, = 290[7—PZ—$+—P:9} : (31)
where:
P, = peak incident overpressure
Pomb = ambient air pressure (l4.7 psi at sea level).

(1) Loading on the Front Surface. The front surface loading
by a normally impinging shock wave can be considered to occur
in two phases. The first results in the "diffraction loading"
wherein the peak overpressure of the reflected wave predomi-
nates. During this phase the reflected pressure will decrease
from its peak value, Py, essentially linearly until the stag-
nation pressure is attained. The time to decay to stagnation
pressure, tg, can be approximated by

tg = 1000 - (E%) , msec (32)
where:
S = the smaller target dimension of H or WD/2
V = the shock front velocity.

The second or "dynamic loading" phase occurs after the over-
pressure attains its stagnation pressure value. In this
latter phase, the dynamic pressure on the target surface is

a significant factor. The drag coefficient on the front face
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is unity; thus, the drag pressure during the second phase 1is
equal to the dynamic pressure. Therefore,

the stagnation
pressure Pg 1s

Pg = poltg) + gltg) ., (33)

where pp(tg) and g(tg) are the incident overpressure and
dynamic pressure function, respectively, evaluated at time tg.

The Incident everpressure function pglt)

is assumed to obey
the exponential form, so that

Pol{t) = Py (1 - e (34)

where T 1is the positive duration of the shock wave. The
dynamic pressure function is also exponential in form,
2&

Q(t)=Q[l-EJ2e B

. (35)

where Q is the peak dynamic pressure derived from Q = 2.5
2/4
[PO/ Pamb*Pol -

The general pressure-time variation function pertaining to
the front face, p(t), can be expressed as

P,-Pg

p(t) = Py - B i Eon GSELE.,

-t

!

p(t) = Pgy [l - ¥;]e F (36)

2¢

t12 1
Q [l = ;;] e F, for tgs<t<ip,

where Ty is the positive duration of the shock wave (as mea-
sured at the front faséd) .

(2) Loading on a Top Surface. Blast loading on the top sur-
face commences immediately after the blast wave strikes the
front face; however, the average pressure on this surface




rises linearly to a maximum at time t = L/V msec. The maxi-
mum average pressure, P5, occurring at this time is determined
as

Pa = # (57) * Ca 4 (57)

(37)
2
CdQ[l—-—] e T,
t = L/2V msec,

where Cq is the drag coefficient (see [80, p. 184] for appro-
priate value).

The average pressure decays exponentially from t = 2/LV to
t =1 + L/2V msec, as

st = [ = B e e~

L L
SSEET B Bl
\A 2V

(3) Loading on the Rear Face. The pressure loading on the
back face of the structural member is also determined in
discrete time phases. The shock front requires a time L/V
msec to arrive at the back face. During the subsequent time
interval, the pressure on the back face increases linearly
from zero to a maximum value P, at time t = (L+4S)/V msec,
where 8§ is as previously defined. The overpressure then
decays exponentially with a time delay of L/V msec, so that
the pressure-time variation on the back face after stagnation
may be expressed as

’

PLE" )y = @bt} & gt
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wols-£]
5 L L+4S L
= = <t< + =
for t t v v ShAT = (39)

where tTg 1is the positive duration as measured on the back
surface.

The pressure-time variations on both the front and rear faces
are graphically illustrated in Figure 12. The net pressure
loading function Pp(t), 0<t<tp+L/V, is then determined as the
difference between front and rear surface loadings. This
result is illustrated in Figure 13. Such net loading models
are useful in describing the net blast loading on wall sections
as well as larger rectangular structures. If, of course, the
net loading concept is not desired, then the independent load-
ing and corresponding impulses on all faces can be obtained.

d. Nonnormal Angles of Incidence

The blast loading model for the house roof must indicate the
nonnormal angle of incidence of the roof; thus, some modifica-
tion to the top surface loading model must be made before it

is applied. The peak reflected pressure for nonnormal surfaces
may be calculated as a function of the incident overpressure
from information supplied by the Defense Atomic Support Agency,
shown in Figure 14. The values shown in this figure, for the
lower range incident overpressures, indicate appreciably dif-
ferent reflected overpressures for the house roof than would

be calculated using equation (31).

In a series of blast loading studies conducted by M. L. Merritt
[66], the efficiency of coupling between the blast wave and
structure surfaces oriented at nonnormal incident angles was
examined. His studies were conducted with a large structure,
with gage readings taken at numerous locations on the front,
top, and rear surfaces. Eight tests were conducted with TNT
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charges having weights ranging between 50 and 8,960 pounds,
which resulted in about 20 records of the pressure variation
with time at different points on the surface. Using his data,
it can be concluded that the average reflected overpressure
on a surface oriented between 50 and 80 degrees from the nor-
mal can be approximated reasonably well with equation (37),
provided the peak incident overpressure P, is replaced with
the peak reflected pressure P, obtained from Figure 1l4. To
illustrate, with a test using 3,200 pounds of TNT and an
orientation angle of 60 degrees from the normal, a maximum
average pressure of 6.1 psi at a time of 3 msec was measured
on the surface, for the 3 psi incident overpressure wave in
Merritt's study. Using the data from Figure 14, a reflected
overpressure of 7.8 psi is obtained and when used in equation
(37) , the predicted maximum average overpressure of 6.5 psi
is obtained. 1In light of the close agreement, this method of
approximation was used in the treatment of nonnormal incident
surfaces.

e. Computed Impulse

The top surface blast loading model was used with the modifi-
cations mentioned to determine a minimum separation distance
for the house roof for each charge size and combination of
parameter values described above. At each of these specified
distances, similar calculations were made of the reflected
impulse imparted to the house brick wall and the frame portion.
Comparative values are discussed following a presentation of
the analysis of the frame section and brick wall.

2. Analysis of the Frame Wall Section

a. Calculation of Critical Period and Critical Impulse

The typical 2- by 4-inch Douglas fir wall support member is
analyzed as a uniformly loaded, simply supported beam. Its

dead weight is determined from its own and the weight of the
l6-inch section of plasterboard--fiberboard sheeting--wood siding
wall it supports. In the formulation of its critical period

and impulse, values of E, w, and opax are considered in the
ranges of 1.3 to 1.5 x 10°® psi, 18.30 to 20.00 lbs/ft of wall,
and 10,000 to 11,000 psi, respectively. The calculated stud,
critical periods and critical impulses for the resulting sets

of parameter values are presented in Table V.
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TABLE V. Critical Period and Critical Impulse Values for
Frame Wall

Weight, & GEitical CrLtieel
E W TRl Period Impulse

(psix106) (lbs/ft) (psix103) (msec) (psi-msec)
1.30 18.30 10.0 27.02 34.86
15310 18.30 Lol i0) 2577102 38.34
1.30 20.00 10.0 218,25 36.44
1.30 20.00 11.0 28.25 40.09
1.50 18.30 10.0 25.16 32.45
1350 18.30 11.0 25.16 370
1.-50 20.00 10.0 26.30 33593
1.50 20.00 11.0 26 .30 87432

b. Blast Loading Model

In determining the net blast loading on the frame wall, the
loading on the outside wall is computed using equations (31)
through (36) with the exception that S is replaced with S’ in
equation (32). The quantity S’ is the average distance (for
the entire front face) from the center of the wall section to
the edge of an opening. It represents the average distance
which rarefaction waves must travel over the front face to
reduce the reflected pressures to the stagnation pressure.

S’ is taken as 3.2 feet in this case. The overpressure on
the inside of the front face starts rising at impact because
the blast wave immediately enters through openings. It is
assumed to rise linearly until a maximum average pressure, Pp,
is reached at time t = 2L/V msec. Further, the dynamic over-
pressure is assumed to be negligible on the interior of the
structure. Therefore, P is determined as

i

) e T PR (o) il Z% msec. (40)

et

P, = Pg (1 -

The average overpressure function is assumed to decay exponen-
tially after reaching Py 56 that

o

= t T 2L
p(t) = Py (l T) e , for Vgt W (41)
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These two functions are integrated from time = 0 to the criti-
cal period and this impulse is subtracted from that calculated
on the front face of the wall in order to assess the net
reflected impulse imparted to the frame wall within the criti-
cal period.

3. Analysis of the Brick Wall Section

The resistance functions and the unit impulse required to
severely crack the brick wall are computed using equations
(1) through (9). For a simply supported 8-inch thick brick
wall, a steady pressure of approximately 0.5 psi is required
to cause tensile bond failure in the mortar; thus, in this
analysis, a reguirement for an average reflected overpressure
of at least 0.5 psi throughout a time interval equal to its
calculated critical period is stipulated. It is further
assumed that when the overpressure decays to a low level, the
latter part of the decay process is of little consequence to
the effective impulse imparted to the target. URS Corpora-
tion [109] indicate that this value of overpressure is probably
in the range of 0.1 to 0.3 psi. As a consequence, the calcu-
lation of reflected impulse on brick walls is determined in
the study by integrating the overpressure function from time
t = 0 to a time at which the overpressure function decreases
to 0.1 psi.

a. Calculations of Critical Period and Critical Impulse

A l-inch wide column of wall may be analyzed as a uniformly
loaded beam so that its critical period is given by equation
(21). Two values of E were considered, 1.3 and 1.5 million
psi, whereas the tensile bond failure stresses treated were

50 and 70 psi. The weight of a brick wall is usually taken

as 120 lbs/ft3. Using these parameter variations, the follow-
ing critical periods were established for the 8-foot high
brick wall: for E = 1.3 x 10°® psi, Cp = 6.19 msec; for E =
1.5 x 10° psi, Cy = 5.76 msec.

b. Blast Loading Model
The blast loading on the house brick wall is modeled by equa-

tions (31) to (36) which reflect no openings in a perpendicu-
lar wall., Critical impulse requirements for the wall vary with
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the assumed tensile bond failure stress and the value of P,
used in eguations (2) through (5). P, includes the blast
loading forces on the roof which, of course, change with
variations in separation distances. Assuming that the house
brick wall supports one-half of the blast loading imparted to
the front half of the roof, the blast loading on the l-inch
brick column may be calculated using the maximum average pres-
sure on the roof, P, (see equation (37)). Py is then derived
as the sum of one-half of the contribution of P5 to the brick
beam and the roof weight it supports.

In the computer program output, a unit impulse for the brick
wall, based on the blast loading on the roof for each given
charge and separation distance, is indicated for each set of
parameter variations considered for the brick wall,

4. Sample Set of Computed Values

The computer output for the house analysis 1is arranged so that
the computed critical periods and impulses are printed for the
house roof (Table 1IV), the frame section (Table V), and the
brick wall section, in sequential order. Then, for each set
of parameter variations for the house roof, the five charge
sizes are considered in order tc determine a minimum separa-
tion distance for each, with respect to the roof. As each of
these values is determined, the incident overpressure, peak
reflected pressure and positive duration of the charge is
noted and a probabilistic statement concerning the likelihood
of glass fragment injury to occupants, is made. The other two
house components are then considered at this distance. The
required, or critical, impulse and the reflected impulse
achieved at this distance are printed for every set of values
considered for these two components. Table VI displays a
typical printout for a set of representative parameters of the
house roof and a charge size of 10,000 pounds.

Table VI indicates that at the minimum separation distance of
289.9 feet for the 10,000-pound charge, the calculated reflec-
ted impulses on the frame portion and the brick wall of the
house at this distance are far less than the necessary criti-
cal impulse values computed for the different sets of parameter
variations considered. The eight sets of comparative values
given for the frame section above, relate to the eight sets of
parameter values given in Table V.
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House roof damage was the first to occur in the 1,000 to
100,000-pound charge sizes; however, brick wall damage occurs
first with the larger, longer duration charges. The minimum
quantity-distance criterion is established for the house tar-
get with respect to both types of damage. Plots of the
pressure-impulse relationship for the five charge sizes are
presented in the Results section, along with plots of the
separation distances resulting from the variation-of-parameters
method of analysis.

5. Prairie Flat Frame House Test

A comparison of the predicted results using the house model
described above can be made using experimental results obtained
from the Prairie Flat Test [33]. A two-story frame house 33
feet 4 inches long by 24 feet 8 inches wide with a roof con-
structed from similar materials, but using 2- by 6-inch rafters,
and having the same roof angle of inclination was used in this
test. It was exposed to the blast overpressures from a one
million-pound TNT detonation at 4,000 feet distance. The front
of the house contained four large windows, one small window,
and one door. Two of the large windows contained two large
panes each of 3/32-inch thick glass, and had no mullions. The
most serious damage observed in this test was the cracking of
19 of the 26 wood 2- by 6-inch wood rafter members. Plaster
cracks were found throughout the house; especially predominant
were shear cracks on the side near the windows, but, for the
most part, these were minor. The front door and one bathroom
door were torn from their hinges and two other door latches
were torn out, but these doors stayed on their hinges. Based
on these observations, it was concluded that the damage done

to this house represents the threshold damage for which the
minimum separation distance criterion can be derived.

The 2- by 6-inch rafter members in this house are also Douglas
fir; thus, the same range of strength properties apply as is
shown in Table IV. Using these values and the model for blast
loading on the roof described above, a range of minimum
separation distances between 3,400 and 4,500 feet is predicted.
The close agreement in these observed and predicted results

lends credence to the use of a "critical impulse within a criti-
cal period" criterion.
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B. A-FRAME CHURCH BUILDING

The church roof is supported by laminated Douglas fir wood
beams 7.6 inches by 16 inches by 39 feet long spaced on 15-
foot centers. They are bolted to a matching beam at the top
and are securely bolted to a concrete footing at the bottom.
Both ends are considered simply supported and the effects of
support at the junction of the sidewall are assumed to be
negligible. The upper 32-foot beam section supports the deck-
ing while the lower 7-foot section supports no loading.

The 4-inch thick, 8=-inch wide double tongue and groove decking
is random length end-matched. For this analysis it was con-
sidered to be simply supported on 15-foot centers rather than
run continuous across the beams. The decking is covered with
asphalt roofing and has a total combined weight of 13 1lb/ft.
There is no additional insulation or inside finish.

Excluding the windows, the large (90-foot long) roof is con-
sidered the only vulnerable component of this church. The
risk level or unacceptable damage is again defined as struc-
tural collapse of the roof. Of concern, then, is whether the
laminated beams crack prior to failure of the decking members.

l. Analysis of the Laminated Beams

The 39-foot laminated beam and the section of roof it supports
was analyzed as a step-wise uniformly loaded, simply supported
beam with a dead load determined from its weight and that of
the 15-foot wide section of decking and roofing materials.
Parametric values considered for Young's modulus, the weight
supported per foot of beam, and the modulus of rupture are
presented in Table VII along with the calculated critical
period and impulse values. Equations (22) through (28) are
used in the derivation of impulse values.

a. Blast Loading Model

The church roof has an angle of inclination of approximately
23 degrees from the vertical; the peak reflected pressures
for this angle are seen from Figure 14 to be very nearly
equal to these values calculated from equation (31l). Using
the calculated value of P,., the average blast loading as a
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TABLE VII. Critical Period and Critical Impulse for
Church Beams

Weight, . Critical Critical
E w SR Period Impulse
(psix10°) {(1bs/ft) (psix103) (msec) (psi-ms)
1 | 200.00 9.5 11762 44 .37
1R 200.00 11.0 117,612 51238
T ! 200.00 12.0 1 1L 622 56.04
L & 2:15%i00 9%45 12715 9'5 455957
e 215.00 11.0 12:1.,:9'5 53k 252
1.1 215.00 12.0 1.2:1.. 95 58.06
Al 230.00 955 126.13 47.51
I 230.00 11.0 1216 1.3 505207l
1.1 230.00 12.0 126.13 60.02
153 200.00 SARS) 108.19 40.81
- 3 200.00 11.0 1108 19 47.26
IR, 200.00 12.0 108.19 Sty il s
1.3 2.1.5.0:0 9 .45 112.18 42.28
1.3 215.00 15020 112.18 48.96
=3 2155010 1210 112.18 53 41
dis3 230.00 95 1l6.02 4:3 70
L3 230.00 1.1 10 116+ 0:2 50.61
1.3 230.00 12:::0 116.02 LYoy
L5 200.00 a5 100.72 3l 99
I..5 200.00 110 100 72 43.99
L5 200.00 12.0 1L0:0;. 72 47.99
L5 215.00 925 104.43 39.36
e 215.00 110 104.43 45.58
1S 215.00 1.2.4:0 104.43 49,72
.5 230.00 9:.:5 108.01 40.69
1.5 230.00 110 108.01 47.11
1.5 230.00 12 .0 108.01 5.« 319
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function of time can be calculated in the same manner as was
used with the house roof (with equations (37) and (38)). In
comparing the house roof and the church roof (Tables IV and
VII), it is seen that the critical periods for the church beams
are much longer, yet their critical impulse values are not
much greater. Thus, with a much longer time to receive a
relatively equal critical impulse, the church beam is a much
more vulnerable structural component.

2. Analysis of the Church Decking

a. Calculation of Critical Period and Critical Impulse

The 4-inch thick, 8-inch wide, 15-foot long decking members
are also laminated Douglas fir and therefore have similar
strength properties to the wood members previously discussed.
A typical decking member is also analyzed as a uniformly
loaded beam. The parameter values considered and the critical
period and impulse values calculated are shown in Table VIII.

TABLE VIII. Critical Period and Critical Impulse for
Church Decking

Welght, 5 Critical Critical
E w max Period Impulse
(psix10°) (lbs/ft) (psix104) (msec) (psi-ms)
L2 13.00 Ll 32.22 114.28
1.3 13.00 152 89 . 82 124.66
1.3 13.33 Tl 32.63 115.74
L:3 13738 a2 32.63 126.23
Tt 13.00 ) 29.99 106.39
ik 13.00 1:2 29.99 116.05
1.5 13.33 1y 30.38 DT 7T
1.5 b e & et 30.38 117.54

b. Blast Loading Model
It was indicated previously that the peak reflected pressure

on the roof may be computed from equation (31), even though
it has a nonnormal angle of inclination. The
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blast loading model on a perpendicular surface utilizes equa-
tions (32) through (36) with no back pressure on the interior
side of the decking.

c. Comparative Results

In all cases, the church laminated beams were assessed to

crack prior to failing of the roof decking. The calculated
minimum separation distance for church roof beam for the
10,000-pound charge is 1,184.9 feet, when the representative
set of parameters E = 1.3 x 10 lbs/inz, w = 215.0 lbs/ft of
beam and Opax = 11,000 lbs/in? is used. The calculated
reflected impulse on a typical decking member at this distance
is approximately 33 psi-ms, which is far less than the required
impulses for any of the sets of parameter values given in Table
VIII. Plots of the pressure-impulse relationships related to
church beam failure for the five charges are given in the
Results section.

C. FLAT ROOF SCHOOL BUILDING

The roof of the elementary school is supported on 3- by 1l4-
inch by 28-foot long Douglas fir beams on 2-foot centers,
These are toenailed at each end to 2- by 8-inch top plates
securely bolted to the top of the 10.5-foot stone walls. The
roofing is of built-up tar and gravel construction placed on
top of l-inch structural insulating board. A light tile
ceiling is placed directly on the bottom of the rafters. The
total roof weight is approximately 20 lbs/ft2 (including
beams) .

The end wall is 8 inches thick with stone mortared together
with no reinforcing. It is 10 feet 6 inches high and contains
no windows. It has the same simple support conditions as the
house brick wall.

The windows in the front wall vary somewhat in size, the maxi-
mum being approximately 3 feet 6 inches by 5 feet. All windows
are 1/4-inch plate glass supported by aluminum frames.

The school roof and stone wall are the most likely structural

components to collapse under a given blast loading. The win-
dows, of course, will fracture and present an appreciable
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glass fragment hazard; however, the loss of the windows and
window frame portion of the front wall will not cause collapse
of the roof because of the orientation of the roof support
beams. The unacceptable risk levels, then, have been defined
as structural collapse of the roof or the stone wall section.
Blast damage levels corresponding to cracking the roof rafters
and/or severely cracking the stone wall therefore have been
defined as acceptable criteria on which to establish minimum
separation distances. To reemphasize, a deflection of the
center of the 8-inch stone wall of approximately 5 inches is
considered sufficient to seriously crack the wall but not to
cause partial or complete collapse.

l. Analysis of the Stone Wall

The resistance functions and the unit impulse required to
severely crack the stone wall were computed using the model
for masonry walls, equations (1) through (9). As in the
treatment of brick and concrete walls, a steady pressure of
approximately 0.5 psi was assumed to be required to cause
tensile bond failure in the mortar. In the programmed analy-
tical model, then, a requirement of at least a 0.5 psi average
overpressure throughout a blast loading interval equal to the
calculated critical period was stipulated. As in the analysis
of the other types of wall section, the effective reflected
impulse was estimated as the integral of the overpressure func-
tion from time t = 0 to a time at which the overpressure level
decreases to 0.1 psi.

&, Calculation eof Critical Peried and Critieal Impulse

Equations (20) and (21) were used to obtain the critical
period for a l-inch wide column of stone wall, analyzed as a
uniformly loaded beam. Three values each of Young's modulus
and the tensile bond failure stress for mortar were considered.
These sets of parameter values and the computed critical
periods are shown in Table IX.

b. Blast Loading Model
The lack of openings in the stone wall prevents back pressure

from building up on the inside of the stone wall; thus, the
blast loading on the front face of the wall is the only
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TABLE IX. Critical Periods for the School Stone Wall

E Tensile Strength Critical Period,
(psixlOG) (psi) Cp (msec)
1:2 30.0 1.2..63
12 50.0 1.25:.68
ik 2 70.0 12.63
I3 30.0 1228, 144
1te3 50.0 152, A4
ik 3 7:01+:0 1.3 155
14 30.0 1710
1.4 50.0 11.70
1.4 7100 11.70

consideration. It is modeled using equations (31) to (36).

As indicated in the treatment of the other wall sections, the
critical impulse requirements vary with the assumed tensile
bond failure stress (30 to 70 lbs/in2) and the blast loading
on the roof which is reflected in the parameter P,, used in
equations (3), (4), and (5). Under the assumption that the
stone wall supports one-half of each roof section, an estimate
of the blast forces per inch of sione wall can be obtained
using the calculated maximum average pressure on the roof, P
P, becomes the sum of one-half the contribution per inch of
wall of P, and the weight of the roof section which the incre-
ment of wall supports.

a-*

2. Analysis of the School Roof

a. Calculation of Critical Period and Critical Impulse

The school roof beams are analyzed as being uniformly loaded.
Their critical period calculations are straightforward using
equations (20) and (21). Values of Young's modulus are esti-
mated as 1.3 and 1.5 x 10° psi; the weight per foot of beam
as 30 and 40 pounds; and the modulus of rupture as 1.1 and
1.2 x 104 psi. Critical impulse values for the uniformly
loaded beams are obtained using equations (22) through (28).
The corresponding values for C, and I., for the eight sets of
parameter values, are given in Table X.
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TABLE X. Critical Period and Critical Impulse for
School Roof

Weight, T Critical Critical
E VY Period Impulse
(psix106) (1bs/ft) (psix103) (msec) (psi-ms)
18 30.0 1.1 52.88 81. 44
153 30.0 12 52.88 88.85
13 40.0 sl 61.06 94,04
18 40.0 1.2 61.06 102.59
1.5 30.0 1zl 49 .23 75.82
135 30.0 732 49.23 82.71
145 40.0 Lzl 56.84 87 .55
1455 40.0 i ), 56.84 935,350

3. Comparative Values

Because the roof section is parallel to the direction of flow
of the impinging blast wave, the top surface model to deter-
mine the blast loading on the exterior of the roof, presented
as equations (37) and (38), are directly applicable. Since
the blast forces will also a~t on the interior surface of the
roof, a net loading model must be used. With diffraction of
the blast wave through window openings, the average pressure
on the interior of the roof section rises linearly to a maxi-
mum value, Bg, at time & = 2L/V msec. The maximum average
pressure at this time is given by

L
P, = (t - ——)
t =P 2V
K- (42)
N £’ 2v v . Bl
= Py [l 2V] e t = v msec

For the time interval 2L/V<t<t + 2L/V, the average over-
pressure function on the inside of the roof is assumed to
decay exponentially in accordance with the above expression.

Computed net reflected impulse values on the school roof are
smaller than the impulses required to crack the stone wall,
but because of the normal incident orientation of the roof to
the shock front, they are much harder to achieve. A compari-
son is made in the following.
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For the 10,000-pound charge, a separation corresponding to
cracking of the stone wall is determined as 180 feet. The
critical impulse required at this distance is 111.15 psi-msec.
The reflected impulse achieved on the school roof at this
distance is approximately 28.5 psi-msec for all eight combina-
tions listed in Table X. This value is far less than the
range of reflected impulse required to fail the roof (8l.4 to
102.6 psi-ms).

In all cases, the school stone wall was judged to fail first
under blast loading, therefore, it has been used as criterion
for establishing P-I curves and the distance plots shown in
the Results section.

D. OFFICE BUILDING

The office building walls are relatively inexpensive curtain
walls composed of 8- by 8- by l6-inch concrete blocks, unrein-
forced, laid using normal brick wall construction procedures
to construct an 8-inch thick wall. In the segments of block
walls having windows, the solid portion is approximately 4
feet high. Windows, composed of 4- by 4-foot by 1/4-inch
plate glass in aluminum frames, are placed on top of the walls.
The vertical aluminum frames offer some resistance or support
to the wall in that they must be buckled and the aluminum sill
bent in order to critically deflect the block wall portion.

The solid concrete block wall portions are assumed to be
mortared in on all sides between the inflexible concrete
columns. Thus, an arching action must take place in order to
deflect this wall. The wall is obviously much more resistant
to blast forces than simply supported masonry walls because

the arching action requires a considerable amount of mortar
crushing prior to failure.

In the analysis of this civilian target, it must be deter-
mined which of these two wall sections fails first at given
quantity-distance specifications. As in the treatment of
other masonry walls, failure is defined as the severe cracking

accompanying an approximate 5-inch deflection of the center of
the wall.
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1. Critical Periods of the Office Building Walls

The techniques used in the calculation of the critical periods,
and the assumptions under which the critical impulse for the
half wall are computed, are the same as those used in the
treatment of other types of walls previously discussed. How-
ever, because all ends of the full wall are held relatively
secure by the inflexible concrete columns, its critical period
is determined from the analysis of a uniformly loaded beam with
fixed ends. The combination of parametric values and the criti-
cal periods calculated for both types of walls are given in
Table XI.

TABLE XI. Critical Periods of the Office Building Walls

E Tensile Strength Critical Period,
(psix10°) (lbs/in2) (msec)
Half Wall:

L2 30.0 15.00
1.2 50.0 15.00
Tiz2 70.0 15.00
1.3 30.0 14.41
1.3 50.0 14.41
1.3 70.0 14.41
Bl 30.0 13.89
1.4 50.0 13.89
i 70.0 13.89
Full Wall:
1,2 30.0 4.60
) 50.0 4.60
1.8 70.0 4.60
5 30.0 4.43
3 50.0 4.43
123 70.0 4.43
1.4 30.0 4.27
1.4 50.0 di; 2
554 70.0 4.27
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The office half wall supports only the window frames which
will not transmit blast forces to the wall; thus, the blast
loading contribution to Py, in equations (37) and (38) is very
minor. The critical impulse value for all sets of parametric
values approximates 75 psi-msec.

2. Analysis of the Full Wall

The approach to estimating the resistance forces set up in
the deflection of a masonry wall, under conditions in which
it is constrained under essentially rigid supports, is the
"arching action theory" presented in several references (see
[105] for several of these). The assumed mode of response of
the wall is as follows.

The wall is idealized as a beam of solid, uniform, rectangular
cross section, constrained between rigid supports on two
opposite edges. The masonry material is assumed to have no
tensile strength. Therefore, immediately on loading, cracks
develop on the tension side and extend to the centerline.
During subsequent motion, each half of the beam is assumed to
remain rigid and rotate about its end support and the center.
This rotation is resisted by a force couple developed as a
result of the two halves being wedged between the rigid sup-
ports, thus causing crushing at the ends and center. This
rotation continues until either the load is removed or the
resisting couple vanishes, in which case the wall collapses.
The magnitude of the resisting couple is seen to depend on
the magnitude of the compressive forces developed at the ends
and center, and on the moment arm between these forces. Both
of these values, in turn, depend on the stress-strain proper-
ties of the masonry material. Various assumptions have been
made for these stress-strain properties.

A number of these and the resultant models for determining
the resistance forces are discussed in [105]. The method used
in this study is based on a "linearized elastic-plastic"
stress-strain relationship presented originally in [73].
Essentially, this method assumes a linear relation between
the mid-span deflection and the strain along the contact area,
up to a yield strain that corresponds to the crushing stress
of the material. The derivation of this theory and that for
calculation of the resisting moment are not repeated herein
because of their length.
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Using the approach outlined above, the total work associated
with the integration of the resistance-deflection curve up to
a 5-inch deflection is calculated as 708 in-1lbs/in of wall.
This value, then, was used in equations (6) through (9) to
determine a critical impulse, for this arching type wall, of
140.5 psi-msec.

3. Blast Loading Models for the Office Walls

The front surface loading model (equations (31) through (36))
is applicable to the full wall, since it has no opening through
which to allow shock wave diffraction. Based on mortar sample
crushing tests, a steady pressure of approximately 5 psi must
be maintained for a significant period so that sufficient
crushing action of the mortar at the top and bottom of wall

may take place. Therefore, it is assumed in the calculation

of the effective impulse imparted to the wall, that an average
pressure of 5.0 psi must be maintained over a time interval
equal to its calculated critical period.

The net loading concept is used in measuring the net reflected
impulse to the half wall. As the blast wave diffracts over
the top of the wall, a counteracting force is built up on the
rear face of the wall in accordance with equation (39).

In comparing the two sets of minimum separation distances for
the different walls, it was found that the separation distance
is the greatest for the 10,000-pound charge for the office
half wall, is approximately equal for the 1,000- and 100,000~
pound charge for the two walls, and is shortest for the office
full wall for the larger 1l- and 9-million-pound charges. The
minimum separation distance criterion for the office building,
therefore, must take into account the blast responses of both
walls. Pressure-impulse curves and relative distance plots
for the office building are given in Section V.

E. PASSENGER BUS

The prevention of overturning is the basis on which acceptable
damage criteria have been established for the vehicular tar-
gets-~-the passenger bus, camper-pickup unit, and the mobile
home. The pressure-impulse requirements to overturn these
targets are therefore determined in this analysis, and the
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acceptable damage level arbitrarily established as being that
damage associated with 80 percent of the reflected impulse
necessary to overturn each vehicle. With such forces imparted
to the vehicle, some deformation of the exposed sidewalls,
window breakage, and the dislocation of some internal fixtures
will probably occur, especially for the smaller charges. These
effects, however, should not present an unacceptable hazard to
the occupants.

Preliminary investigation with available experimental data
indicates that all of these vehicular targets will overturn
prior to experiencing any substantial degree of sideways dis-
placement, at least on dry asphalt or concrete. These results
were determined using a coefficient of friction of approxi-
mately 0.7.

l. Analysis of the Passenger Bus

The bus analyzed is a rather standard intercity highway bus
made by Mack. The external skin sections of the bus are
attached to a rather light but extensive space frame composed
of many small members, primarily square or rectangular steel
tubing. There is no main frame such as is commonly found in
trucks and older cars. The outer skin, either steel or alumi-
num, and the plywood passenger and baggage floors are rigidly
attached to the framework and provide part of the structural
strength.

The side of the bus below the passenger floor is extremely
resistant to sideways deformation. However, the upper half
is considerably lighter and undergoes deformation at reason-
ably low overpressures. The principal dangers to passengers,
however, would come from window breakage or overturning of
the bus.

The empty bus weighs approximately 22,000 pounds, and when
fully loaded with 40 people and baggage, an estimated weight
of about 30,000 pounds is attained. The center of gravity is
estimated at about 40 inches from the ground plane.

The reflected impulse needed to overturn a stationary target
requires a determination of the mass distribution of the
target and the location of the center of gravity. The height
of the center of gravity above the point of rotation, A, in
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the ground plane is designated as hg and the distance, in the
ground plane, from the center of gravity to the point of
rotation as d. The distance, dg = /d2+hg2—h , represents the
distance the center of gravity must rise so %hat it is directly
above point A, at which point gravitational forces will over-
turn the target. For most targets, point A is a point in the
ground plane directly below the outside surface plane of the
vehicle.

The work, W, done in overturning the target is

W = dp- (weight of the vehicle, w) (43)

When a sufficient impulse is applied to the target rapidly,
it will give the target an angular velocity, w, great enough
to permit inertial forces to complete the overturning action.
The angular velocity will be sufficient when the kinetic
enerqgy is greater than the work required from equation (43),
where

KE = 1/2 Isz (44)

The value I, is the moment of inertia about point A and is
given as

e (2222 )
where:

m = mass of the target

b = width of the target

h = height of the target

c = the transfer axis distance; c = do+hg.

By equating the required work, W, with the kinetic energy and
substituting equation (45) into (44),<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>